After successfully locating one abandoned brine well by an electromagnetic method during testing in 2001 and five abandoned brine wells by a high-resolution magnetic method during 2002, a high-resolution magnetic method was again proposed to search for wells in 2003 when a second sensor was employed to acquire data for calculating the pseudo-vertical gradient of magnetic fields.
Introduction
A natural gas explosion on January 17, 2001, destroyed two downtown Hutchinson businesses. Another explosion occurred a day later at a mobile home park 3 miles away. Two residents died of injuries from the explosion, which forced the evacuation of hundreds of people as gas geysers began erupting in the area. The pathways to the land surface at both the explosion sites and the geysers were abandoned brine wells used for solution mining of salt. To find these abandoned brine wells is a part of the Hutchinson Response Project (Allison, 2001 ).
Some known wells in the mobile home park had steel cased pipes. Xia (2001a Xia ( , 2001b Xia ( , 2002a Xia ( , 2002b successfully located one abandoned brine well by an electromagnetic method during a testing phase in 2001. However, electromagnetic signature recognition and the investigation depth by the electromagnetic method still remain challenges (Xia, 2002a) .
The length of vertical steel pipe in brine wells in the Hutchinson area is normally 400 -700 ft. The maximum magnetic signal caused by this pipe can be higher than 15,000 nT on top of the normal geomagnetic field in Hutchinson. This huge anomaly shows promise in locating brine wells in the urban noise environment. Five abandoned brine wells, five water wells, and one probable gas pipe were located by a high-resolution magnetic method during phase two of this project in 2002 (Xia, 2002c; Xia and Williams, 2003) . We also found that wells could be only a few feet apart, which requires that a geophysical method possess a certain horizontal resolution. For example, we know, after plugging, anomaly U2_1 (Xia, 2002c ) is due to two 2.5-inch wells, but only a single magnetic anomaly was observed. The horizontal resolution of the highresolution magnetic method employed in that phase may not be high enough in some situations (Xia, 2002c) .
To increase the horizontal resolution, a vertical gradient method was also proposed to search for wells in 2003 when a second sensor was employed to acquire data for calculating pseudo-gradient of magnetic fields. The City of Hutchinson designated eight sites with a total area of 1,024,000 ft 2 which was divided into grids with an average size of 10,000 ft 2 .
Methodology
The survey areas were usually defined as 100 ft × 100 ft grids using a theodolite (at left in Figure 1 ). The error of horizontal location within each grid is less than ±0.5 ft by rechecking directly with a tape measurement. A portable cesium gradiometer G858 (at the right in Figure 1 ) was used to measure the total field component of the geomagnetic field and the pseudo-vertical gradient of the geomagnetic field. The bottom sensor high point and the top sensor high point are 14 in and 44 in from the ground surface, respectively. Pseudo-vertical gradients of the geomagnetic field are calculated by subtracting readings of the top sensor from readings of the bottom sensor. Magnetic anomalies on the sites of wells C4 and C8 were first acquired to serve as signatures in locating brine wells (see the following section).
Theoretically speaking, the horizontal resolution of the vertical gradient can increase approximately 70% for a monopole source with the vertical magnetization (Figure 2 ) if the halfwidth, the horizontal distance between the maximum anomaly (assumed to be over the center of the source) and the point where the value is exactly one-half the maximum anomaly, is used. Practically, we may not achieve 70% improvement in the horizontal resolution with pseudovertical gradient data. We tested the gradiometer G585 at a well near the Kansas Geological Survey building (Well KGS) with line spacing of 2 ft. Total field component of magnetic data and pseudo-vertical gradient data are shown in Figure 3 . It is obvious that the pseudo-vertical gradient data ( Figure  3d ) possess about 30 -40% higher horizontal resolution than the total field component of magnetic data ( Figure  3b ). Figure 3c shows the total field component of magnetic anomalies acquired "2 inches above the ground," which is calculated by downward continuation from data of the bottom sensor. Based on the central profile results (Figure 3e) , however, the total field component of magnetic anomalies acquired "2 inches above the ground" possesses at least the same resolution as pseudo-vertical gradient data do. This result indicates that keeping the sensor close to the ground is critical to obtain higher resolution data if only one sensor is available. The normal geomagnetic field in the City of Hutchinson was around 53,500 nT in May 2003. The maximum change of the geomagnetic field in the quiet period (Kp < 4) was less than 15 nT/hour. The Kp Index is a 3-hourly planetary geomagnetic index of activity generated in Gottingen, Germany, based on the K Index from 12 or 13 stations distributed around the world. The K Index is a 3-hourly quasi-logarithmic local index of geomagnetic activity relative to an assumed quiet-day curve for the recording site and ranges from 0 to 9. The K index measures the deviation of the most disturbed horizontal component (http://www.maj.com/sun/status.html). It took about 15 minutes to complete the magnetic survey on each 10,000 ft 2 grid, and the amplitude of well anomalies were on the order of several thousand nanoteslas. Because we completed the survey individually grid by grid during the quiet period of the geomagnetic field, no geomagnetic field correction is necessary when looking for anomalies with several thousand nanoteslas. Measurements were first assigned field geometry and then corrected for the sensor locations based on shapes of known anomalies by shifting odd numbered lines by 1.2 ft -2 ft. Finally measurements were corrected by adjusting for data dropouts, which are readings over the meter scale. Measurements were then gridded into 1 ft × 1 ft grids by the Kriging method (Surfer ® , 1999). Gridded measurements were correlated with anomalies from known wells. Anomalies were picked based on their amplitudes, shapes, or correlation coefficients between the monopole anomaly and measurements. Some anomalies were also inverted to find their magnetization and depth to the top of the anomaly source. High-resolution magnetic data were displayed using Surfer ® in a color scale to enhance anomalies potentially caused by brine wells.
Magnetic Signals from Known Wells
We acquired high-resolution magnetic data at well sites C4 and C8. The survey area at each site was 40 ft × 40 ft with line spacing of 2 ft. Wellheads were located at about the center of each grid. The monopole anomaly (p. 24, Breiner, 1973) at well C4 is almost perfectly imaged in both total field component of magnetic anomalies (Figure 4a ) and pseudo-vertical gradient data (Figure 4b ). The maximum anomaly of total field component of magnetic anomalies at well C4 is over 20,000 nT (= 78,000 -53,500) and the average maximum gradient is over 300 nT/in (= 10,000/30). Amplitudes of the magnetic field and gradient anomaly at well C8 (Figure 4c and 4d) were imaged similar to well C4 but shapes of anomalies may not be easily linked to monopoles. Except for the anomaly that is due to well C8 at location (23, 19) , there is another huge non-monopole positive anomaly centered at (23, 37) (Figures 4c and 4d ). Comparing this anomaly with the anomaly due to well C4 (Figures 4a and 4b) , we concluded that this anomaly may be due to another abandoned brine well and the non-monopole shape may be caused by unsteady walking speed. While plugging well C8 in November 2003, a 12-in well was unearthed at this anomaly location. These huge positive anomalies with a bulls-eye shape in both total field component of magnetic anomalies and gradient data showed promise in effectively recognizing anomalies of abandoned brine wells in the Hutchinson area. 
Magnetic Survey in Hutchinson
A high-resolution magnetic survey was performed at the eight sites chosen by the City of Hutchinson after review of the historical literature on salt mining in the Hutchinson area ( Figure  5 ). The magnetic data were acquired normally in 100 ft × 100 ft grids with line spacing of 3 ft. The density of a high-resolution magnetic survey along a line is 2.3 readings/ft. The total survey lineage acquired in the 1,024,000 ft 2 survey area was around 70 miles. Based on magnetic signatures acquired from the known wells, we determined the anomaly picking criteria: 1. Approximate monopole: both in magnetic and gradient, a weak negative anomaly in north may be associated with monopole for gradient data; 2. Amplitude larger than 4000 nT for magnetic anomaly and 100 nT/in for pseudo-vertical gradient; 3. Halfwidth: 3 to 12 ft for magnetic anomaly.
Sixty-four anomalies were identified. Of forty-seven verified anomalies by excavation with a backhoe, twenty-nine anomalies were due to wells buried at depths from 0 to 8.5 ft: twenty-one 6-to 9-inch abandoned brine wells, seven 1.5-to 3-inch probable water wells, and one 16-inch construction dewatering well at a depth of 3 ft. The sources of the rest of the seventeen anomalies were a known brine well, two 4-inch wells on the ground surface, two welllike anomalies next to constructions, some dipoles and a 3-D body anomaly that are not due to wells, and some metal junk on the ground surface.
Findings at Concrete Enterprises, Inc.
The survey at Concrete Enterprises, Inc. covered 540,000 ft 2 . Seventeen brine wells, one dewatering well, and one 3-inch well that is suspected to be the inner pipe of a brine well were found at this location ( Figure 6 ). Total field component of magnetic anomaly and pseudo-vertical gradient anomaly are shown in Figures 7 and 8 , respectively. It is clear that pseudo-vertical gradient data possess the higher horizontal resolution. The first interesting anomaly group is called "G 7" in grids 11&12 and located 150 to 300 ft grid east and 700 to 900 ft grid north (Figure 9 ). It consists of seven giant individual anomalies. They are nearly perfect bulls-eyes anomalies both in magnetic and gradient data. They may be associated with a unique salt mining method. Gradient data (Figure 8 ) provide sharper images of seven individual monopole objects than does magnetic data (Figure 7) . The peak of each monopole anomaly is the center of an anomalous source. Excavation by a backhoe at "G 7" revealed seven brine wells (Figure 9 ) from a depth of 26 inches (well E11&12-1) to 101 inches (well E11&12-7). All seven are 8-inch wells. From well E11&12-2 to well E11&12-7 is almost a straight line and they are 20 feet apart. Magnetic anomaly amplitudes for the two wells are in a range from 7,000 nT (E11&12-7) to 20,000 nT (E11&12-1). Vertical gradients change from 130 nT/in to 300 nT/in. This is mainly due to depth variation of wellheads. The anomaly at (30, 105) is due to a 0.75-inch pipe on the ground surface.
The other interesting anomaly group is "G 5" in grid E16&17 that consists of five perfect bulls-eyes in both magnetic and gradient data (Figures 7 and 8 ). They are located 300 to 400 ft grid east and 650 to 750 ft grid north. Four anomalies along the 700 ft line are 15 ft apart. "G 5" revealed five 8-inch brine wells at almost identical depths (from 45 to 48 inches). Amplitudes of magnetic anomalies of "G 5" vary from 12,000 nT to 23,000 nT even though depths to the top of the wells are nearly the same. Vertical gradients change from 200 nT/in to 300 nT/in. The changes in amplitude should be mostly related to the thickness of the well (See for details). One individual anomaly with a maximum of 19,000 nT at (466, 765) is also caused by an 8-in brine well at a depth of 16 inches.
Four individual brine wells were found in the south part of the site (Figure 10 ). E19-1 is a 6-inch brine well (382, 566) at a depth of 29 inches at the center of a T-intersection of roads. Wells E21-1 (355, 447), E23-1 (372, 268), and E25-1 (605, 379) are located in the working yard of Concrete Enterprises, Inc. E21-1 and E25-1 are 8-inch wells at a depth of 60 inches and 13 inches, respectively. There are two pipes associated with well E21-1. The inner pipe is 3 inches in diameter. This dual-pipe well causes the highest magnetic anomaly (81,900 -53500 = 28,400) and the highest gradient (> 300 nT/in) in this year's results even though it is one of the deeper wells. Well E23-1 is a 6-inch well at a depth of 30 inches. Due to thickness of the wells, their magnetic anomalies (18,000 nT to 28,000 nT) are relatively higher than the amplitudes of "G 7" and "G 5". Vertical gradients change from 250 nT/in to 350 nT/in.
A 16-inch dewatering well and one 3-inch well were also found in this site. discussed all other anomalies and wells found at this site.
Findings at Pankratz Implement Co.
The survey at Pankratz Implement Co. covered 184,000 ft 2 . Three brine wells and eight probable water wells were found at this location (Figure 11 ). Total field component of magnetic anomaly and pseudo-vertical gradient anomaly are shown in Figures 18 and 19 , respectively. It is clear that pseudo-vertical gradient data possess the higher horizontal resolution. Three brine wells were located along a railroad (Figure 12 ). Well P3-1 is an 8-inch brine well at a depth of 12 inches. Well P7-1 is a 9-inch brine well at a depth of 20 inches. Well P9-1 is an 8-inch brine well at depth of 42 inches. Their magnetic anomalies and gradients are nearly perfect monopoles. Amplitudes of the total field component of magnetic anomalies are in a range from 26,000 nT to 28,000 nT. Vertical gradients are in the range 260 nT/in to 300 nT/in. Two 4-inch (water?) wells five feet apart were found on the ground surface ( Figure 13 ) in Grid P9. Because the two wells are so close to each other, even gradient data with a line spacing of 3 ft showed only a little indication of existence of these wells. We redefined a 30 ft by 30 ft grid with 1-ft line spacing (on the top-left of Figure 13 ). One survey line transited both wells. Gradient data clearly shows two individual anomalies. This test demonstrated that the horizontal resolution is limited by line spacing. Downward continuation was applied to this testing data set. Horizontal resolution was improved at least to the level that the pseudo-gradient data could possess (Figure 14) . The downward continuation data undoubtedly indicated two separated anomalies although some high-frequency noise was introduced during the downward continuation processing. In practice, we need to find a trade-off line spacing that balances sufficient horizontal resolution for a specific project and efficiency in covering a target area. Two 2-inch wells, three 3-inch wells, and one 1.5-inch well were also found in this site. Amplitudes of the total field component of magnetic anomalies of these wells are from 4,000 nT to 8,000 nT. The gradient of these wells is around 100 nT/in. See for details.
Findings at Stuckey Lumber & Coachlamp Village
One 8-inch brine well at a depth of 14 inches was found at Stuckey Lumber & Coachlamp Village. Total field component of magnetic anomaly and pseudo-vertical gradient anomaly are shown in . The anomaly due to this well is a classic example of the brine well signature found in Hutchinson area. The amplitude of the total field component of magnetic anomaly is 23,000 nT. The maximum gradient is about 230 nT/in.
Conclusions
The high-resolution magnetic method and the vertical gradient method were successful in locating abandoned brine wells in Hutchinson, Kansas. Twenty-one brine wells and ten (water?) wells were found during this year's magnetic survey. Approximate monopole shapes anomalies were observed from all these wells after data corrections. A wide range of amplitudes of magnetic anomalies (from 7,000 to 28,000 nT) was measured from these abandoned brine wells, due mainly to the thickness of wells and depths of buried wells. Anomaly amplitudes from 1.5-to 3-inch wells are 4,000 to 8,000 nT and correlate linearly with the buried depth. One 3-inch well that caused an anomaly with amplitude of 13,000 nT could be an inner pipe of a brine well. Gradient anomalies are roughly in a range from 100 to 200 nT/in for 1.5-to 3-inch wells and 200 to 300 nT/in for brine wells. With anomalies at these levels, the high-resolution magnetic method and the gradient method can surely locate abandoned brine wells in a noise environment like the City of Hutchinson. The gradient data not only possess higher horizontal resolution than magnetic data but also provide other dimensions of data that can be used to identify potential brine well candidates. The resolution improvement is limited, however, by line spacing in the survey grids.
